When light interacts with metal surfaces, it excites electrons, which can form propagating excitation waves called surface plasmon polaritons. These collective electronic excitations can produce strong electric fields localized to subwavelength distance scales 1 , which makes surface plasmon polaritons interesting for several applications. Many of these potential uses, and in particular those related to quantum networks 2 , require a deep understanding of the fundamental quantum properties of surface plasmon polaritons. Remarkably, these collective electron states preserve many key quantum mechanical properties of the photons used to excite them, including entanglement 3, 4 and sub-Poissonian statistics
applications include single-shot spin readout for room-temperature quantum computers and nano-magnetometers.
To generate non-classical states of surface plasmon polaritons, single colour centres in diamond nanocrystals were coupled to metallic waveguides. Single nitrogen-vacancy colour centres in diamond were chosen as the emitters because of their absolute photostability at room temperature. Crystalline, chemically grown silver wires were used as waveguides because of the low loss in silver in the visible spectral range. Nitrogen-vacancy emitters were placed in the near-field of the nanowires by mixing a diamond nanocrystal solution with the silver wires, and spin-coating the resulting nanodiamond-coated wires onto a glass substrate (for details of the sample preparation, see the Methods section). Figure 1a shows an atomic force microscopy (AFM) image of diamond nanocrystals attached to the surface of a nanowire. Surprisingly, an efficient self-assembly process leads to sticking of single nanodiamond particles to wires (see the AFM picture). The inset shows the fluorescence image of the same wire with bright spots originating from emission of single nitrogen-vacancy defects. The size of the diamond nanocrystals was about 50 nm and the average distance between the emitter and the metal is expected to be of the order of 25 nm. As a result of being placed in close proximity to the metallic surface, the nitrogen-vacancy defects show a significant reduction of their fluorescence lifetime owing to efficient coupling of the excited nitrogen-vacancy emission to surface plasmon polaritons. Enhanced decay rates of the emitter due to excitation of surface plasmons are the most important effect for distances between the metal surface and the nitrogen-vacancy centre within the range of 10-100 nm (ref. 10) . As the coupling is a near-field effect, it depends on the distance between the surface of the wire and each nitrogenvacancy defect, and on the orientation of the nitrogen-vacancy emission dipole with respect to the axis of the wire. The enhanced coupling is apparent from the analysis of the Purcell factor for a collection of different nanocrystals (see Fig. 1 ). On average, we observe a Purcell factor of 2.5, which is in good agreement with the theoretically predicted value 5 for an emitter-wire separation of 30 nm. In general, the coupling efficiency depends on the wire radius R as 1/R 3 ; that is, stronger coupling is expected for thinner wires 11 . However, the plasmon to photon conversion efficiency at the wire ends and the plasmon propagation length increase with increasing R. Hence, for the present experiment, an average wire diameter of 70 nm was found to be a good compromise, enabling efficient emitter coupling while keeping losses low and photon outcoupling high. Coupling of single-photon sources to plasmonic waveguides was reported previously for quantum dots 5, 12 . A single-photon emitter coupled to the metal wire is an ideal test system that provides experimental access to the statistical properties of single surface plasmon polaritons. The generic experimental arrangement for such an experiment with photons is shown in the upper panel of Fig. 2a . A single-photon wave packet originating from the non-classical source is divided on a beam splitter. The two detectors on the output of the beam splitter record coincidence events. Assuming that the reflectivity of the beam splitter is a constant quantity, the coincidence rate for a classical 'wave' description follows the inequality P C ≥ P 1 P 2 , where P 1 and P 2 are the probabilities of detecting a photon by either of the two detectors.
The quantum mechanical description predicts P C = P 1 P 2 for a Poissonian source, P C = 2P 1 P 2 for a thermal source and P C = 0 for a source of single photons 6 . The detection of a single photon projects the optical emitter into the ground state because of energy conservation. Hence, it is impossible to detect a second photon simultaneously. As the P C = 0 case corresponds to a photon at one detector or the other, but never both, it demonstrates the particle-like propagation of single photons. Similar experiments can be realized for surface plasmon polaritons, as shown in the lower panel of Fig. 2a . When the plasmon excitation reaches the end of the wire, it can be coupled to an optical photon that propagates to a detector in the far-field. Hence, coincidence analysis for photons coupled out at both ends of the wire enables us to measure the second-order intensity autocorrelation function of surface plasmon polaritons. Figure 2b shows the wide-field image of a silver plasmonic waveguide when the laser beam is focused on a single nitrogenvacancy defect coupled to the wire. Both ends of the wire show detectable fluorescence, indicating the propagation of plasmons along the wire. To check that single surface plasmon polaritons are excited by the single-photon source, measurements of the second-order correlation function are carried out between both ends of the wire (see Fig. 2c ). The absence of the peak at zero delay time provides experimental proof that the plasmons originate from the fluorescence of a single quantum system. It is remarkable that even though a surface plasmon involves a large number of electrons, it behaves like a single quantum particle. As a control experiment, coincidence measurements were also carried out between nitrogen-vacancy defect emission to free space and the end of the wire, which corresponds to the joint detection of a photon and a plasmon. Near-perfect anticorrelation was observed, indicating that the contribution of background light coupled out at the wire end is negligible. Although this photon-plasmon anticorrelation does not demonstrate the particle-like properties of the plasmon, it is important to mention that it indicates that the silver waveguide conserves the non-classical statistics of the diamond single-photon source, in agreement with a previous observation for a quantum dot emitter 5 . Finally, photon correlation measurements were carried out on the emission of the nitrogen-vacancy itself. The absence of the peak at zero delay verifies that the emitter is in fact a single nitrogen vacancy.
The next step is to observe the wave-like properties of a singleplasmon polariton, which provides evidence for 'wave-particle duality'. Quantum mechanical interference of single photons occurs when there are different trajectories for the photons-for example in a Mach-Zehnder interferometer-that contribute to the photon detection probability at the output. The detectors at the two outputs of the interferometer show a modulation in count rate, when the path difference of the interferometer arms is varied (see Fig. 3a ). This experiment was adapted for single-plasmon self-interference as follows. A single nitrogen-vacancy emitter coupled to a onedimensional wire is equally likely to excite a plasmon propagating in either direction and hence the emitter-plasmon coupling also serves as the first beam splitter. The plasmon propagating to the left in Fig. 3a reflects off the end of the wire and interferes with the plasmon emitted to the right. Hence, the right half of the wire acts as the second beam splitter. Although the length of the wire waveguide cannot be changed, the path length and dispersion enables the interference at the end of the wire to be observed because the different spectral components of the single-plasmon wave packet acquire different phases by the time they reach the end 13 . The nitrogen-vacancy defect is particularly suitable for such spectral self-interference owing to its broadband emission (see the upper spectrum of Fig. 3b ). The intensity of the plasmonic field at the exit of the waveguide is given by 
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Here E 1 and E 2 are the amplitudes associated with the field propagating directly to the end of the wire from the nitrogenvacancy emitter and the field reflecting off the other end of the wire, d is the distance between the nitrogen-vacancy centre and the end of the wire, k(ω) is the surface plasmon wave vector and φ R is the phase shift experienced by the surface plasmon polariton under reflection. Figure 3b shows the interference patterns observed for both output ends of the wire. Both spectra demonstrate strong modulation when compared with direct emission of the nitrogenvacancy defect, which is consistent with a simple picture describing a silver nanowire as a lossy cavity [14] [15] [16] . Owing to propagation losses, the contrast of interference fringes is lower for emission from the left end of the wire because d 2 > d 1 . The distances d 2 and d 1 could be directly determined from the confocal picture. Thus, setting E 1 = E 0 e −αd1 and E 2 = E 0 e −α(d1+2d2) , one can calculate the ratio of (E 1 /E 2 ) = e 2αd2 for a given damping factor α, where d 1 and d 2 are the distances between the nitrogen-vacancy centre and the close and far end of the wire (marked as ends A and B in Fig. 3) , respectively. To describe the observed interference pattern, we have calculated the group velocity (see Fig. 3c ) and phase acquired by the surface plasmon polariton on reflection (see Supplementary  Information and ref. 17 for details) . Remarkably, the reflection coefficient of the wire end is expected to be close to unity for wire with a radius smaller than 40 nm, which is in good agreement with the high contrast of the experimentally observed interference fringes. As the wire radius becomes larger, the reflectivity of the wire end drops to ≈2%. The reflection phase, which scales linearly with the wire radius R relevant for our experiments (R = 30 nm), approaches 120
• for large R, which is consistent with the results obtained previously for a semi-infinite metal slab 18 . Fitting of the observed spectra is very sensitive to the wire diameter (see the simulated spectra in Fig. 2b ) owing to its influence on the reflection phase shift and the strong dispersion (see Fig. 3c ). It is important to mention that the fitting results are unique when the interference pattern observed for both ends of the wire is taken into consideration. Hence, single-photon interference enables the determination of the wire diameter with an accuracy of better than 1 nm. Note that such characterization of plasmonic structures has an advantage compared with AFM or electron microscopy because interferometry enables measurement of the effective optical dimensions of the waveguide with long standoff distances and under ambient conditions.
The two experiments presented here demonstrate wave-particle duality of single surface plasmon polaritons. Particle behaviour is observed in the antibunching experiments, whereas the wave picture is required for the description of the self-interference. The intrinsic conflict between those two classical interpretations is at the heart of quantum mechanics. It was shown recently that quantum behaviour is preserved during photon to plasmon conversion even though surface plasmon polaritons involve a macroscopic number of metal electrons 4 . Here, it is important to note that nitrogen-vacancy defects in diamonds, which are used to generate single surface plasmon polaritons, are one of the most attractive candidates for solid-state qubits, because their ground-state spin can be initialized and readout optically 19 and the number of quantum operations per coherence time is unusually large, even at room temperature 20, 21 . Hence, this demonstration of efficient coupling of nitrogen-vacancy centres to single surface plasmon polaritons potentially opens the door to the use of metallic waveguides for coupling distant nitrogen-vacancy defects as required for maximum scalability. Cooperative phenomena such as superradiance mediated by surface plasmons were discussed in the literature 22, 23 and long distance coupling of single quantum emitters through plasmonic modes was suggested recently 24 . Thus, single plasmons on metal nanowires can provide a powerful tool to couple numerous multi-qubit diamond quantum registers 25 , in which, for example, three-qubit entanglement was demonstrated recently 26 , to fabricate large-scale room-temperature quantum processors.
Methods
Silver nanowires were synthesized using a polyol process 27 . The synthesis started by heating 5 ml ethylene glycol (Baker) in a 25 ml Erlenmeyer flask under 260 r.p.m. stirring at 151.5 • C in an oil bath, and solutions of hydrated cupric chloride (CuCl 2 (H 2 O) 2 , Aldrich), silver nitrate AgNO 3 (Aldrich) and polyvinylpyrrolidone (PVP, molecular weight ∼55,000, Aldrich) were prepared. 47.9 mg of AgNO 3 , 49 mg of PVP and 2.0 mg of CuCl 2 (H 2 O) 2 were dissolved in 3 ml of ethylene glycol each. After 60 min, 40 µl of the cupric chloride solution was added to the heated ethylene glycol. Fifteen minutes later, 1.5 ml of the PVP solution and immediately after that 1.5 ml of the AgNO 3 solution were dropped into the hot ethylene glycol. The reaction ran for a further 90 min, until the flask was allowed to cool down to room temperature. The crude product was washed three times in acetone (Aldrich) to remove the ethylene glycol. Then, the nanowires were dispersed in water for further measurements. This method of treatment did not destroy the polymer coating of the wires that resulted from the growth process. Samples were prepared by spin-coating a solution of nanodiamonds (MSY 0-0.05 Mikron GAF, microndiamant AG Switzerland) and silver nanowires dispersed in water onto a plasma-cleaned glass slide in air. The nanodiamonds stuck to the polymer coating of the wires without any intentional surface treatment. Fluorescence measurements were carried out using a home-built confocal microscope. A pulsed 532 nm Nd:Yag laser was used as the excitation source and was focused onto the sample using a 1.35-numerical-aperture oil-immersion objective, and a second mirror-scanning optical path was used to generate the second confocal detection spot.
To calculate the group velocity dω/dk as a function of wire radius R, a model consisting of a metallic cylinder with a dielectric constant ε 2 surrounded by a dielectric medium of dielectric constant ε 1 was used. The surface plasmon propagation in this case is governed by the dispersion relation for the fundamental transverse magnetic mode, which is given by 17 :
where k i = ( √ ε 1 ω/c) = √ k (1), we can compute the group velocity as a function of R for a given frequency ω and given ε 1 and ε 2 .
The value for ε 1 of the surrounding medium is predominantly determined by the glass cover slip and was therefore set to 1.4. In the range of interest from 1.39 eV (892 nm) to 2.26 eV (548.6 nm), the values for ε 2,real (ref. 28) were fitted with a second-order polynomial function yielding to ε 2,real (ω) = −160.5 + 8.06 × 10 −14 × ω − 1.10 × 10 −29 × ω 2 . As in this range, ε 2,img is two orders of magnitude smaller than ε 2,real , this part was neglected for the calculation of dω/dk as a function of R and the determination of the positions of the interference maxima and minima.
